Abstract: Crystallization rate of isotactic polystyrene (iPS) from molten and glassy state was studied by polarized optical microscopy (POM), differential scanning calorimetry (DSC) and light intensity measurement (LIM) techniques. Samples were melted at different temperatures and subsequently crystallized from molten or glassy states. In all cases, the crystallization rate shows a temperature dependent bell shaped curve. At low melting temperatures, the crystallization rate is faster, due to insufficient melting, where the surviving crystals accelerate the crystallization process. With the increasing melting temperatures, crystallization rate slows down. At high melting temperature, the crystallization rate from glassy state is faster than from the molten state. The crystallization rates from molten states strongly depend on the crystallization temperatures and melting temperatures, where it depends only on crystallization temperatures in case of glassy states. These crystallization rates are discussed using Avrami equation.
INTRODUCTION
The overall crystallization rate of a semi-crystalline polymer is mainly governed by the primary nucleation and the crystal growth rate [1] . Primary nucleation is the formation of a new three-dimensional solid phase from the melt phase. Primary nuclei can be formed at random sites in the melt (homogeneous nucleation) or on a foreign body such as an impurity particle or a polymerization catalyst acting as a nucleation center (heterogeneous nucleation). When impurities or residual crystals are present, the nucleation rate depends on the thermal history of the polymer and, more specifically, on the previous melting temperature, until a temperature is reached where all possible sources for nucleation are destroyed. After the nucleus is formed, a new layer grows by secondary nucleation, a process similar to primary nucleation known as growth rate. This rate can be determined directly by optical or electron microscopy or, indirectly, by the increase in the crystalline content. In case of direct measurement, the spherulites are assumed to be initiated from primary nuclei. The nucleation rate is measured by the number of nuclei with time per unit volume. The growth rates are measured by the radial growth with time observed by POM. So the spherulites are the main morphological form of polymers crystallized from molten and glassy states. The study of the kinetics of this phase transformation is of primary importance for technological profit, as the crystallization mechanism controls the spherulitic texture, which in turn affects the mechanical properties like impact strength, a great parameter of future industrial application. However, the overall crystallization rate and the nucleation and growth rate depend strongly on crystallization temperature (T c ). Depending on the initial state, the crystallization process can be classified into two categories-(i) melt-crystallization, where the initial state is melt and the polymer samples should stay in the molten state for a sufficient time before being crystallized and (ii) glass-crystallization, where the initial state is a glassy state, a temperature lower than its T g , before crystallization.
Isotactic polystyrene is a good polymer for its higher glass transition temperature, can be rapidly transfer to glassy state without crystallization. This is important for industrial applications like packaging, building construction, and in injection molding applications and especially for film and sheet where the solidification of molten polymer is governed by crystallization rate. Several reports have appeared in the literature on the melt crystallization of iPS [2] [3] [4] [5] [6] . Boon et al. have studied the crystallization kinetics of melt crystallized isotactic polystyrene by dilatometry [2] [3] . The authors reported two nucleation mechanisms for resistance and induced nuclei. The number of induced nuclei is decreased by purifying the polymer and by the heating above the melt temperature. Only the resistant nuclei remain above the melting temperature. They also found, the slowness of crystallization of iPS is mainly a consequence of the lower mobility of the molecules caused by the bulky phenyl group. Jianming et al. investigated the isothermal crystallization process of iPS from melt and glassy state by IR and found different bands for the cold-and melt-crystallization processes [4] . The morphology of quiescent and shear-induced isothermal crystallization of isotactic polypropylene (iPP) was studied by Phillips A. and found that during isothermal crystallization the shear-induced nuclei promote oriented  form crystal growth, accelerate the crystallization kinetics and ultimately swamp the effect of the nucleating particles present [7] . In our previous study, we reported the influence of thermal history on the nucleation rate and crystal growth rate for iPS [8] [9] .
In this paper, we report the overall crystallization rate using Avrami equation for iPS both from molten and glassy states since Avrami equation is the most common method to describe the isothermal crystallization process of polymers [10] , copolymers [11] and blends [12] [13] . To the best of our knowledge, this is the first report of overall crystallization rate for iPS using Avrami equation by LIM technique.
EXPERIMENTAL
Sample of iPS (M w =17,800, M n =10,600, M w / M n =1.68, Tacticity: 96%) was supplied by Idemitsu Kosan Co., Ltd. The sample was melted between two cover glasses using a metallic spacer to form a given film thickness on a hot stage. The sample was melted for five minutes at a temperature below and above the equilibrium melting temperature of 242 o C (T m o ) [14] . DSC melting peak showed at about 224 o C and the end of the melting curve (tail of the peak) at 228 o C for iPS crystallized at 200 o C for eight hours [9] . Therefore, several typical melt temperatures were selected between 225 and 250 o C. Subsequently, the molten sample was cooled to a temperature with a cooling rate of 30 o C/min (crystallization from molten state). In another experiment, the molten sample was rapidly quenched to below the glass transition 
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Polarized Optical Microscopic (POM)
Polarized optical microscopy (POM) is contrast-enhancing technique that improves the quality of the image obtained with birefringence materials with polarized light. If both the analyzer and polarizer are crossed to each other, no light passing through the system and a dark viewfield present in the eyepieces. Depending on birefringence of the sample where the polarized light interacts strongly with the sample and generating contrast with the background. A Olympus BH-2 polarized optical microscope (POM) was used to capture images of the melt press films placed in a Linkam hotstage, including a temperature controller and a cooling unit. Photomicrographs were recorded with a CCD camera, Pixel 600ES. The saturated nucleation density is calculated by counting the number of small spherulites per unit volume of the sample observed by POM.
Differential Scanning Calorimetry (DSC)
The isothermal crystallization studies were carried out by a TA-60 DSC calorimeter. All the measurements were taken under nitrogen atmosphere to minimize the oxidative degradation. Films, about 150 µm thick, were prepared from the original powders by melting between Teflon foil in a Carver press at 250°C under low pressure and quenching at room temperature. To ensure good contact, a single flat piece, ~ 5 mg, was cut from each sample and placed in DSC aluminum pans. The instruments were calibrated with Indium, and the calibration checked every day.
Light Intensity Measurements (LIM)
Light intensity measurements were performed by the same temperature controller and optical microscope (OM) with a special filter of 550 nm and using Lux meter of LX-1330. The CCD camera attached to the microscope and connected to a computer permitted image acquisition; the crystallization process was recorded with time by means of software till complete crystallization (verified by direct OM observation). The intensity of these images was measured using software made in our laboratory and converted to equivalent Lux value with calibration curve. The light intensity data are found identical with the conventional DSC data (see supporting information). The relative crystallinity was calculated by normalizing the intensity of the fully crystallized image. The whole procedure was performed in-situ Canadian Chemical Transactions without moving the sample from the hot stage.
RESULTS AND DISCUSSION
Images of iPS crystallized at 160 o C from molten and glassy state were studied using POM. Figure  1 shows a well-developed spherulitic morphology from both molten and glassy states. The number of spherulites is higher for glassy state, makes higher crystallinity in contrast with molten state. During melting of the polymer, the light cannot pass through the system and the background shows dark. After an initial induction time the spherulites start to developed, light can scatter from the developed crystals, pass through system, and the intensity as well as the degree of crystallinity increases with time. The wellknown Avrami equation is often used to analyze the crystallization kinetics, assuming that the relative degree of crystallinity develop with time is [15] [16] ) exp( 1
Where X is the degree of crystallinity, t is the crystallization time, k is the crystallization rate constant, and the exponent n represents the nucleation mechanism and growth dimensions. The value of n can be any positive integer between 1 and 4 [14] . In many polymers, the melt temperature does not influence the subsequent crystallization rate. Crystallization rate was found to be constant when the melting point exceed by as little as 0.1 o C and to remain so for at least a further 70 o C [17] . For i-PS the crystallization behavior was found different when the melting point exceed. Figure 2 shows the relative crystallinity of iPS with time crystallized at 160 o C from molten state and glassy state. As can be seen, all the curves have a sigmoidal shape and the crystallinity increases with an initial induction time, increases with steady state, and then reach to a maximum value, a typical behavior of polymer crystallization. From molten states, the time (t max ) required to reach the maximum crystallinity is found to be dependent on melt temperature. The time is shorter when crystallized from lower melt temperature and become longer with higher melt temperature. For example, only seven minutes is needed to reach its maximum crystallinity after melt (Fig.2a) . On the other hand, no significant change in time was found from all glassy states, except at much lower melt temperature (Fig. 2b) . This behavior can be related to melt temperature dependence saturated nucleation density N s , where N s is defined as the density of the limited number of effective sites for the nucleation process, or as a density of the surviving crystal nuclei in the polymer melt, which might be the center of spherulite. When the spherulites are not melted completely, the scaffold of the crystals remains in the polymer melts and can acts as a nucleation center that increases nucleation density significantly. Figure 3 shows a common logarithm of the saturation nucleus density as a function of the melt temperatures for both molten and glassy state. The nucleation density is measured by counting number of spherulites captured by POM per unit volume. It should be noted that in all experiments the samples are crystallized from different melt temperatures, but always crystallized at same temperature (T c =160 o C). The saturated nucleus density is found very high when crystallized from melt below 230 o C due to insufficient melting of crystal which keep the heterogeneous system. Above 230 o C, the saturation density rapidly decreases within the temperature range of 230-245 o C as the induced nuclei is destroyed by increased temperature, and it tends to more homogeneous melt. At higher temperature (for example 250 o C), this density levels off to a constant value due to some heterogeneities may survive in polymer melt at temperature higher than the melting point. The saturation densities below 230 o C are found three orders of magnitude higher than those above 250 o C. These results indicate that the heterogeneities decrease rapidly with an increase in the melt temperature and it is almost disappear at higher melt temperatures. The corresponding t max values vary simultaneously. From glassy state, the saturation nucleus densities remain identical with melt temperatures. This may be due to the samedensity fluctuation for enthalpy relaxation, where the crystallization process started from a unique phase (same glass temperature and holding time) and always same number of induced nuclei is generated. The additional sites are caused by insufficient melting of the original spherulites below 230 o C, which takes shorter time to reach maximum crystallinity as shown for melt at 228 o and 230 o C in Fig. 2 . From this experiment, it is concluded that during crystallization from molten states, the nucleation density strongly depends on melt temperature, where it is independent from glassy states. Table 1 . It is noted that for the glassy states, the values are always close to 3. On the other hand, for the molten state, the n values are between 2.0 and 3.5 suggesting the crystallization corresponds to spherical diffusion control growth with thermal nucleation [18] . Figure 5 shows the temperature dependence of the crystallization rates as calculated using Eq. (1) from molten and glassy state at different melt temperatures. The temperature dependence of crystallization rate shows bell shape dependence, with a maximum rate for both molten and glassy states. The crystallization rate at 160 o C from molten state decreases with melt temperatures, where the rate remains same from glassy states (Fig. 5b) . Similar temperature dependence behavior for primary nucleation rate and crystal growth rate ofthis polymer is reported earlier in our investigations [8] [9] . However, at this stage, it is difficult to clarify whether the primary nucleation rate or crystal growth rate or both are dominant in the overall crystallization rate. The melt temperature dependence of the crystallization rate constant where the samples were melted at different melt temperatures (225-250 o C) and crystallized at same temperature (160 o C) from both molten and glassy state is shown in figure 6 . Below 230 o C, the crystallization rate is found to be very fast.
Above 230 o C, the rate decreases rapidly within a temperature range of 230-240 o C and levels off to a constant value. The rate constant at temperatures below 230 o C is few orders of magnitudes higher than o C. This is due to the results of melt temperature dependence number of saturated nucleus density that discussed earlier. This suggests that in case of molten state, the crystallization temperature dependent rate depends on the melt temperature but in case of glassy states it is independent of melt temperature. The half-time for full crystallization t 1/2 , is the time required to achieve 50% of the final crystallinity of the samples, is an important parameter for the discussion of crystallization kinetics. Usually, the crystallization rate is described as the reciprocal of t 1/2 , namely t 1/2 -1 . The value of t 1/2 was calculated by the following equation based on Eq. 1 as: Figure 7 shows the crystallization temperature dependence of t 1/2 -1 crystallized a) from melt and, value. Consequently, the crystallization rate becomes slower and the relative crystallization time takes longer for complete crystallization. When the sample is melt far above the melting temperature (e.g., 250 o C) all induced nuclei disappear, only the pre-existing nuclei remains but the order of the density is very low in comparison to one below 230 o C. As a result the crystallization rate become very slow and takes longer time for completion. On the other hand, in case of crystallization from the glassy state, induced nuclei are always generated due to the same enthalpy relaxation, a unique state, that has the same in number of nuclei, shows always the same crystallization rate and time for complete crystallization.
CONCLUSIONS
The isothermal crystallization behavior of iPS from molten and glassy states was studied. The crystallization rates are fast both from melt and glassy states at lower temperatures due to insufficient melting of the spherulites. The crystallization rate decreases with melt temperature due to decrease of the saturated nucleation density. The crystallization rate from glassy state is always faster than that from molten states. Both the crystallization rate and crystallization half-time shows bell shape temperature dependence. Crystallization from molten states depends on the crystallization rate constant and half-time depends on crystallization temperature, melt temperature and saturated nucleation densities. On the other hand, crystallization from glassy state depends only on crystallization temperature, and is independent of melt temperature and saturated nucleation densities. Crystal nucleation or growth rate or both might be the dominant part for the overall crystallization kinetics, and the conformation that remains even higher melt temperatures are the future issue and will be published elsewhere. Figure S1 , S2 and S3 are included in the supporting information. This document is available at http://canchemtrans.ca/uploads/files/Supporting_Information_0039.pdf
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